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increase in amplitude during "theta behaviors" such as movement or sniffing (Bragin et al. 1995; Csicsvari et al. 2003) . In humans increases in gamma power correspond to successful encoding and retrieval (Nyhus and Curran 2010) .
Most notably, it has been hypothesized that theta and gamma may be important for separating encoding and retrieval states within the hippocampus (Colgin et al. 2009; Cutsuridis et al. 2010; Hasselmo et al. 2002) . In addition, there may be a discrete functional role for theta-gamma coupling, such that it is the interplay between these rhythmic oscillations that supports this separation or integration of discrete information (Canolty and Knight 2010; Chrobak and Buzsaki 1998b; Tort et al. 2009 ).
The cholinergic system has also been associated with spatial memory and novelty (Acquas et al. 1996; Decker et al. 1988; Fadda et al. 2000; Giovannini et al. 2001; McIntyre et al. 2003) . Disruptions to cholinergic transmission impair spatial learning (Lamberty and Gower 1991; Opello et al. 1993; Whishaw 1985) , while increasing acetylcholine (ACh) can reverse these impairments (Hagan et al. 1989; Janas et al. 2005; Wang and Tang 1998) . In particular, ACh levels are highest when learning new information and thus facilitate encoding while hindering retrieval (Hunsaker et al. 2007; Rogers and Kesner 2003) .
Lesions to the medial septum (MS), a major source of ACh to the hippocampus (Frotscher and Leranth 1985) , impair memory (Gray and McNaughton 1983) . These lesions also alter hippocampal unit firing (Ikonen et al. 2002; Leutgeb and Mizumori 1999; Markowska et al. 1995; Sava and Markus 2008) and theta activity (Lawson and Bland 1993; Lee et al. 1994; Stewart and Vanderwolf 1987) . Similarly, blockade of muscarinic receptors in the hippocampus alters theta and gamma rhythmicity and theta-gamma coupling (Hentschke et al. 2007) . The present study focused on the link between information processing, hippocampal oscillations, and cholinergic activation, particularly within the context of aging.
One hallmark of aging is an impairment in hippocampusdependent memory (Barnes et al. 1980; Light 1991; Rapp et al. 1987; Zyzak et al. 1995) , along with degenerative changes to the septo-hippocampal cholinergic system (see Schliebs and Arendt 2011) . Treatments facilitating cholinergic transmission can improve memory in impaired old animals (Brandeis et al. 1990; Hernandez et al. 2006; Quirion et al. 1995) . Single-unit studies indicate that aging deficits may stem from impaired encoding of change (Oler and Markus 2000; Sava and Markus 2008) . Similar to aging deficits, lesions to the septo-hippocampal system disrupt the development of distinct representations of new environments (Ikonen et al. 2002; Leutgeb and Mizu-mori 1999) . Sava and Markus (2008) demonstrated that an intraseptal cholinomimetic facilitated aged rats in forming a more stable representation of a changed environment, suggesting that MS activation was beneficial under conditions where encoding is required.
While the link between spatial processing, novelty, and theta activity in the hippocampus has been extensively studied (Barry et al. 2012) , less is known regarding the role of novelty and ACh on gamma activity or the interactions between theta and gamma and the extent to which manipulations to cholinergic transmission will affect adult and old rats similarly. The aim of the present experiments was to address these open questions. Local field potentials were recorded in both young adult and old rats during exploration of both a familiar (presumably a retrieval situation) and a novel (presumably an encoding situation) maze trajectory after administration of either saline or physostigmine (an acetylcholinesterase inhibitor). Given the fact that old rats show deficits in encoding new information and the possible link to a degraded cholinergic system, we assessed how several measures of oscillatory activity were affected by aging, a change in the environment, and cholinergic activation.
METHODS

Subjects
Data was collected from 7 adult and 10 old Fischer 344 male rats (Harlan and Taconic), aged 12.2 Ϯ 0.15 mo and 23.3 Ϯ 0.32 mo, respectively, at the time of recordings. Rats were individually housed in clear Plexiglas cages and maintained on a 12:12-h light-dark cycle in a temperature-and humidity-controlled room. Animals were allowed ad libitum access to water. All procedures were performed in accordance with protocols reviewed and approved by the University of Connecticut's Institutional Animal Care and Use Committee.
Pretraining Procedure
All animals were food restricted to 85% of their ad libitum weight and acclimated to chocolate sprinkle reinforcement. Rats were initially trained to alternate on a U-shaped maze or a linear runway for 20 min a day until they reached a criterion of 50 trials a day for 3 consecutive days. After reaching the criterion, rats underwent surgery to permanently implant electrode arrays into the hippocampus.
Surgery and Retraining
Animals were anesthetized with isoflurane (1.5-2.5%) and placed in a stereotaxic apparatus (ASI Instruments, Warren, MI). Once anesthetized, the rats were given Metacam (0.06 -0.1 mg/kg sc) and penicillin-streptomycin (0.1 ml), the scalp was shaved and aseptically cleaned, and ophthalmic ointment was applied to the eyes. A midline incision was made, and several small anchor screws were fastened to the skull. Electrode arrays (four 50-m tungsten wires; California Fine Wire, Grover Beach, CA) arranged and spaced with fused silica tubing (Polymicro Tubing, Phoenix, AZ) were implanted into the dorsal hippocampus (AP Ϫ3.5, ML 2.5 from bregma, and DV 2.5 from the skull and AP Ϫ4.5, ML 3 from bregma, and DV 3.3 from the skull). Each array was cut at an angle such that each of the four wires was a different length and targeted to straddle the CA1 layer. Two old rats had custom-made headstages with seven tetrodes and two electrodes (50-m tungsten wires, California Fine Wire) (unit data not presented here). Electrodes were targeted ventral to the stratum pyramidale and dorsal to the hippocampal fissure (AP Ϫ4.5, ML 3 from bregma, and DV 3.3 from the skull). Two stainless steel screws above the cerebellum served as reference and ground. Dental acrylic then secured the arrays and anchors. After surgery, animals were placed in a clean cage with a heating pad and monitored until ambulatory.
Animals were allowed to recover for 1 wk before maze training commenced. Training took place on an eight-position maze atop a table 60 cm off the ground; two Plexiglas runways (19 cm in height by 61 cm in length) radiated out from a center platform (24 cm in diameter). The configuration of the maze for retraining was fixed across days and defined as the familiar maze trajectory during recording. Recordings began once animals were again well trained and alternating.
Recording Procedure
Recordings were performed while rats were sitting in the home cage and during running on the maze both before and after saline or drug injections ( Fig. 1) .
Familiar maze trajectory. Data were collected while rats sat quietly in the home cage and then while they ran the familiar trajectory. After 5 min on the maze [number of trials (mean Ϯ SE): 19.5 Ϯ 0.95 adult; 10.8 Ϯ 0.34 old], animals were taken off and given an injection of saline or physostigmine (0.1 mg/kg sc) and then allowed to rest for 15 min while the drug took effect. Animals were then placed back on the same maze trajectory and recorded for another 5 min, followed by an additional 2 min in the home cage.
Novel maze trajectory. The procedure before injection was the same as during the familiar trajectory; data were collected in the home cage and then while rats ran the familiar trajectory. After injections (either saline or physostigmine) and rest, animals were recorded in a novel trajectory. One maze arm remained stationary while the second arm was rotated to another position at least 90°away from the familiar position (Sava and Markus 2008) .
Time course of physostigmine. In addition, after all maze recordings were completed animals underwent four sessions of long-term recordings while they remained in their home cage outside the testing room. A 3-min baseline recording was done before injection of either saline (2 sessions) or physostigmine (0.1 mg/kg sc; 2 sessions). After injections, recordings were conducted for 2 h; 3-min recordings were taken every 10 min (minutes 8 -11, 18 -21, etc.) .
Histology
After testing, rats were euthanized with CO 2 and perfused intracardially with saline followed by 10% phosphate-buffered formalin solution. Brains were extracted and further fixed in formalin, cryoprotected in 30% sucrose, and then sliced into 40-m sections, stained with 0.25% thionin, coverslipped, cleaned, and examined for electrode placements. Recording sessions started as the rats sat in their home cage outside the maze room. The first maze epoch (maze 1) was always the familiar trajectory, followed by an injection of saline or physostigmine (0.1 mg/kg). The second maze epoch (maze 2) was either the same familiar trajectory or 1 of 3 novel trajectories. ISI, intersession interval.
Data Analysis
Wide-band electrical activity was recorded (1-2,000 Hz, 3,787 samples/s) with a Neuralynx Data Acquisition System (Bozeman, MT). Light-emitting diodes attached to the headstage were tracked with an overhead camera. Data were selected and analyzed off-line. All data were initially inspected visually (Neuraview, Neuralynx) to remove any segments of bad signal (e.g., due to loose connection, bumping head) then downsampled to 473.4 samples/s (Neuralynx). Data were then segmented with a Neuralynx Video Tracker File Playback and Event Session Splitter to exclude data during food consumption, not running, and turning at the end of each arm. All signal analysis was conducted with custom-written programs in MATLAB (MathWorks, Natick, MA). Statistical analysis was then carried out in SPSS or Excel.
Spectral Indexes
Power spectral density estimates were obtained in MATLAB (MathWorks) with Welch's averaged modified periodogram method (Welch 1967) . Each epoch was then blocked, and power estimates were obtained for each running segment (ϳ1 trial). Running speed for each trial was calculated as the positional difference between successive tracking samples and then low-pass filtered (cutoff ϭ 0.25 Hz) in order to minimize the contribution of head movements and movement artifacts to the overall speed. Theta frequency was obtained for each trial with the Hilbert transform of the band-pass filtered signal (4.5-12 Hz) and calculation of the change in phase divided by the change in time between each sample. For correlation and regression analyses, the running speed and power for each trial were run within a session and pooled across conditions for each rat. For power analyses, each trial of running within each behavioral epoch was concatenated into a single continuous string of data with a cross fading procedure where the first and last 100 ms of each data trial are ramped or faded respectively with a smooth B-spline window with continuous secondorder derivates (Roark and Escabi 1999) . Adjacent start and end blocks from subsequent trials were then overlapped and morphed by adding the signals overlapping the ramp and fade regions. Power estimates were obtained for separate theta and gamma ranges based on the upper and lower ranges of previous studies (Colgin et al. 2009; Dimpfel 2005; Manns et al. 2007b; Sullivan et al. 2011) , theta range (4.5-12 Hz), low gamma range (25-55 Hz), and high gamma range (65-140 Hz), and represented as decibels (dB) relative to 1 V (also see Fig. 9B ).
Theta-Gamma Coupling
Modulation of the gamma signal by theta phase was measured separately between theta and low gamma and between theta and high gamma. Vector strength (Goldberg and Brown 1969) was used to quantify the degree of modulation of the gamma envelope to the phase of theta, such that higher amplitude of gamma centered at certain phases of theta yields a higher value than if gamma amplitude is uniform across theta phase.
The raw signal was filtered for theta (4.5-12 Hz), low gamma (25-55 Hz), and high gamma (65-140 Hz), and the theta phase and gamma envelope were extracted (Hilbert transform). Theta frequency was also extracted as the rate of change of the phase. Next, theta phase (0 -360°) was binned into eighteen 20°intervals [p()] and the mean of the gamma (low and high) envelope amplitude over each phase bin was calculated and then normalized by dividing the value of each bin over the sum of all bins [d()]. Degree of modulation was calculated with a vector strength index, such that it can be detected if the gamma amplitude envelope is concentrated within certain phase bins (Freund et al. 2010) .
RESULTS
Electrode tracts were recreated by evaluating serial histological sections and based on the presence of strong theta in the raw local field potential signal. For consistency, one electrode located within the stratum radiatum layer of CA1 of each rat was used for all analyses (Fig. 2 ). Theta and gamma oscillations were prominent in both young adult and aged rats, although notable in the traces from old rats are a lower frequency of theta activity and little variation in gamma amplitude across the theta cycle ( Fig. 2C ). Baseline measures to assess differences in adult and old rats were taken as the animals ran on the first maze epoch (always a familiar trajectory and no treatment). For data examining effects of different environments or drug conditions, results are represented as the within-session (day) change in power from maze 1 (baseline) to maze 2 (see Fig. 1 ).
Power and Running Speed in a Familiar Environment
Measures of absolute power of theta, low gamma, and high gamma were compared in old and adult rats while running in the baseline condition (maze 1) ( Fig. 3 ). Overall, power in the theta, low gamma, or high gamma range was similar in both age groups (all P Ͼ 0.1) ( Fig. 3A) . Table 1 shows the average power for each rat, along with the total number of recordings in each condition.
Comparing the change in power from periods of sitting to running ( Fig. 3B ), old rats showed less of an increase than younger rats in the theta range (t 222 ϭ 2.54, P Ͻ 0.05) and the high gamma range (t 222 ϭ 3.26, P Ͻ 0.001). The same trend was present in the low gamma range (t 222 ϭ 1.82, P ϭ 0.07). The baseline (only maze 1 epoch) measure of theta frequency was also compared and was lower in old rats (t 172 ϭ 6.61, P Ͻ 0.001) ( Fig. 3C ).
During the baseline maze condition the contributions of both running speed and time (trial number) to theta power ( Fig. 3D ), low gamma power (Fig. 3E ), and high gamma power ( Fig. 3F) were assessed with a regression analysis. To compare these contributions, t-tests compared the regression ␤-values (indicating the slope) for running speed and time. There were no age differences in the ␤-values for theta, low gamma, or high gamma, indicating that the strength of the influence of both speed and time on power is similar for both age groups. For both adult and old rats there was a stronger relationship (greater slope value) between power and time, with power decreasing over successive trials; this was significant for theta power (adult: t 12 ϭ 3.5, P Ͻ 0.01; old: t 18 ϭ 4.9, P Ͻ 0.01), low gamma power (adult: t 12 ϭ 2.9, P Ͻ 0.05; old: t 18 ϭ 5.3, P Ͻ 0.01), and high gamma power (adult: t 12 ϭ 4.7, P Ͻ 0.01; old: t 18 ϭ 4.5, P Ͻ 0.01) ( Fig. 3 
, D-F).
A correlation was also run between power and running speed. Old rats ran slower than adult rats on the maze 1 epoch (t 172 ϭ 10.57, P Ͻ 0.001) but had a similar correlation between running speed and power ( Fig. 3G) .
A correlation between power and speed was also run for the second maze epoch in the different conditions. Table 2 shows the means (ϮSE) of the resulting r values on the second maze epoch after saline treatment, indicating how power in the theta, low gamma, and high gamma ranges corresponded with the animal's running speed. An ANOVA comparing the r values across conditions revealed that running on the novel trajectory decreased the correlation between running speed and theta power for both adult and old rats (F 1,88 ϭ 5.04, P Ͻ 0.05), while there were no other significant main effects or interactions (all P Ͼ 0.1). Overall, the correlations are very small, explaining very little of the variability in theta power. While old rats ran slower, there was no difference between adult and old rats in how running speed correlated to power, and novelty decreased this correlation for both age groups.
Effects of Novelty on Power
To assess how running on the novel trajectory affected the power in each frequency range, a within-animal comparison was used. The change in running speed and power from the baseline maze (1st epoch) was calculated for each session (2nd maze Ϫ 1st maze epoch) (see Fig. 1 ) and averaged for either the familiar or the novel condition after saline injections (Fig. 4A ). Note that the values in Table 2 include all sessions regardless of whether the second epoch was the familiar maze again or the novel trajectory, resulting in minor differences. Both adult and old rats decreased running speed on the novel trajectory (F 1,88 ϭ 12.35, P Ͻ 0.001), and the effect was stronger in the adult rats (main effect of age: F 1,88 ϭ 8.621, P Ͻ 0.01; age ϫ environment interaction: F 1,88 ϭ 7.14, P Ͻ 0.01). On the novel trajectory, a direct comparison of the change in running speed between young adult and old rats found that running speed decreased more in adult than old rats (t 29 ϭ 3.46, P Ͻ 0.001).
Despite the decreased running speed on the novel trajectory, theta power increased ( Fig. 4B ) (ANOVA: main effect of environment, F 1,91 ϭ 30.82, P Ͻ 0.001) for both adult and old rats (no main effect of age, P Ͼ 0.10), and there was a trend for an interaction (F 1,91 ϭ 3.57, P ϭ 0.06). A direct comparison on the novel trajectory shows that the extent of the increase was greater in the adult rats (t 30 ϭ 2.53, P Ͻ 0.01).
The change in low gamma power across environments revealed a main effect of both age (F 1,91 ϭ 7.02, P Ͻ 0.01) and environment (F 1,91 ϭ 4.77, P Ͻ 0.05) and again a trend for an interaction (F 1,91 ϭ 2.86, P ϭ 0.09). Within the novel trajectory, a direct comparison shows there was a trend for the adult rats to have a greater increase in power than the old rats (t 30 ϭ 1.88, P ϭ 0.07).
Examination of the change in high gamma power across environments revealed a main effect of age (F 1,91 ϭ 4.07, P Ͻ 0.05) but not environment (P Ͼ 0.1) and an age ϫ environment interaction (F 1,91 ϭ 5.06, P Ͻ 0.05). Similar to results for low gamma, a direct comparison on the novel trajectory shows a trend for increased high gamma power in adult but not old rats (t 30 ϭ 1.87, P ϭ 0.07).
Thus we see that theta power increased during exploration of a novel maze configuration in adult but not old rats. This increase occurred despite a reduction in running speed, therefore decoupling the relationship between speed and power that was observed in the familiar situation.
Theta-Gamma Coupling
Modulation of the gamma amplitude across theta phase was calculated for both the low and high gamma ranges. Baseline Values are absolute power (means Ϯ SE) in the theta, low gamma, and high gamma frequency ranges and the number of recording sessions in each condition for each rat. There was no difference between young (Y) and old (O) rats in baseline measures of power in any frequency range. Fam, familiar; Nov, novel; Physo, physostigmine. old rats. Figure 5, A and B , depicts the strongest, median, and weakest modulation found in the adult (Fig. 5A ) and old (Fig. 5B) animals. Note how even the weakest modulation found in the adult animals is still greater than the strongest modulation found in the aged animals. A similar result is seen for high gamma (Fig. 5, C and D) . This age difference is also apparent in the example of raw waveforms shown in Fig. 2 .
A modulation index was calculated for each recording, and then the mean was taken of each maze condition. A statistical comparison of the modulation index shows that it was higher in the young adult versus old rats for both low (t 140 ϭ 7.89, P Ͻ 0.001) and high (t 140 ϭ 8.63, P Ͻ 0.001) gamma (Fig. 5E ).
To rule out that the reduced modulation in the aged rats was related to their lower running speed, this issue was examined in greater depth. The modulation value was also compared between adult and old rat data matched for speed (running speed mean Ϯ SE for adult 12.71 Ϯ 0.81 cm/s and old 12.29 Ϯ 0.56 cm/s; t 65 ϭ 0.43, P Ͼ 0.1) (Fig. 5F ). Adult rats still had higher modulation values for both low gamma (t 65 ϭ 5.44, P Ͻ 0.001) and high gamma (t 65 ϭ 6.06, P Ͻ 0.001).
To assess effects of environment, a within-animal comparison determined the change in modulation as animals encountered the familiar maze again or a novel trajectory (Fig. 5, E  and F) . The low gamma modulation values did not change upon encountering either maze environment in adult or old animals (all P Ͼ 0.1). High gamma modulation values showed more change; there was an effect of age (F 1,78 ϭ 4.54, P Ͻ 0.05) and no main effect of novelty (P Ͼ 0.1) and age ϫ environment interaction (F 1,78 ϭ 4.86, P Ͻ 0.05), such that high gamma modulation decreased on the novel trajectory only in adult rats.
Thus we have observed that old rats have a lower degree of theta-gamma modulation, but this degree of modulation was not affected by different maze environments in either adult or old rats.
Effects of Physostigmine on Power and Coupling
Previous studies have reported that doses of 0.1 mg/kg of the anticholinesterase physostigmine (Beninger et al. 1995; Stemmelin et al. 1999) improve spatial performance in rats. In addition, there are reports of two distinct types of theta activity: theta sensitive to cholinergic modulation is lower in frequency than theta related to movement (Kramis et al. 1975; Lawson and Bland 1993; Olpe et al. 1987; Podol'skii et al. 2001) . Therefore, the effects of physostigmine treatment on theta power were examined within the lower range of theta (low theta ϭ 4.5-8 Hz) and the higher range of theta (high theta ϭ 8 -12 Hz) separately.
To verify the time course of physostigmine effects, power was examined while the rats sat in their home cage before and after either physostigmine (0.1 mg/kg sc) or saline control. Three-minute recordings were taken every 10 min, and the change in power from baseline at each 10-min interval was calculated (Fig. 6 ). Repeated-measures ANOVA between physostigmine and saline was carried out for each group at each frequency range. Saline treatment did not differ from baseline in any range (all P Ͼ 0.1). In the low theta range, old rats had increased power in the physostigmine condition (F 1,154 ϭ 9.0, P Ͻ 0.01), while adult rats showed no change (P Ͼ 0.1) (Fig. 6A ). In the high theta range, physostigmine-treated adult rats showed decreased power from baseline (F 1,66 ϭ 42.18, P Ͻ 0.001). The same trend was present in old rats (F 1,154 ϭ 3.8, P ϭ 0.07) (Fig. 6B ).
In the home cage, low and high gamma ranges were unaffected by physostigmine (all P Ͼ 0.1) (Fig. 6, C and D) .
Before running on the second maze epoch, animals were either given saline (data presented above) or the cholinomimetic physostigmine (see Fig. 1 ). Again, the correlation between power and running speed were examined; Table 3 shows the correlation r values for the familiar and novel conditions after injection of physostigmine. Similar to the saline data, Values are speeds (means Ϯ SE) from each maze epoch during the saline condition and resulting Pearson r values (means Ϯ SE) from correlations of speed with theta, low gamma, and high gamma power. An ANOVA for age group ϫ environment (env) shows no difference in the magnitude of the correlation between adult and old rats, although the novel maze decreased this correlation for both age groups. n.s., Not significant.
after physostigmine injections the correlation between theta power and running speed decreased on the novel trajectory.
Similar to the examination of the saline data above, a two-way ANOVA (age ϫ environment) compared the withinsession change in power when the environment was again familiar or was a novel configuration (see Fig. 1 ) after physostigmine injections.
Running speed decreased after injections of physostigmine; this effect was greater for the adult rats in both environments (main effect of age: F 1,82 ϭ7.43, P Ͻ 0.01), although again the novel environment decreased running speed more than the familiar environment in both age groups (main effect of environment: F 1,82 ϭ 4.38, P Ͻ 0.05) (Fig. 7A) .
Physostigmine also affected theta power in adult and old rats differently (main effect of age: F 1,79 ϭ 6.56, P Ͻ 0.05), while there was no effect of environment and no interaction. Figure  7B shows that old rats had increased theta power on the second maze when it was both familiar and novel, whereas adult rats showed either a decrease or no change in theta power after physostigmine that could be explained by the decrease in running speed. This is in contrast to the effects of saline, in which old rats showed little change in theta power.
There was no effect of age or environment on either low or high gamma power after physostigmine injections (all P Ͼ 0.1) (Fig. 7, C and D) .
When comparing the change in theta-gamma modulation from the first to second epochs on the maze, there was no effect of physostigmine (Fig. 8) . There was no effect of physostigmine on low or high gamma, in either the familiar (Fig. 8A) or novel ( Fig. 8B ) environment (all P Ͼ 0.1).
Physostigmine treatment also lowered the frequency of theta. An example power spectrum density plot shows the power distribution across all frequencies (Fig. 9A ). There is a prominent peak in the theta range ("theta bump"), while notably after physostigmine injections there was increased power in the lower theta range (shift in "theta bump") ( Fig.  9B) . A within-session change in frequency from maze 1 to maze 2 was calculated and compared to 0 (1-sample t-test) (Fig. 9B ). Old rats had lower theta frequency (Fig. 3) but similar decrease in frequency as adult rats after physostigmine. In the familiar situation, saline did not change theta frequency for either adult or old rats (all P Ͼ 0.1), although after physostigmine there was significant decrease in frequency for both adult (t 26 ϭ Ϫ3.7, P Ͻ 0.01) and old (t 28 ϭ Ϫ3.9, P Ͻ 0.01) rats. In the novel situation, the frequency decreased in old (t 13 ϭ Ϫ2.4, P Ͻ 0.05) but not adult (P Ͼ 0.1) rats after saline, although again physostigmine decreased the frequency in both groups (adult: t 9 ϭ Ϫ3.2, P Ͻ 0.01; old: t 8 ϭ Ϫ5.0, P Ͻ 0.01). Jeewajee et al. (2008) similarly showed a decrease in theta frequency with exposure to a completely novel environment in rats, possibly reflecting encoding.
Physostigmine selectively affected theta power, specifically only increasing theta power in old rats under encoding conditions.
DISCUSSION
Theta and gamma oscillations have been linked to hippocampal information processing (Colgin and Moser 2010; Hasselmo 2005) . Given the aging deficits in hippocampusbased learning, one would expect corresponding changes in oscillations. The present experiment examined the power of theta and gamma and the degree of theta-gamma coupling while animals explored a familiar (presumably a retrieval situation) or a novel (presumably an encoding situation) maze configuration, known to alter CA1 place fields of young rats (Frank et al. 2004; Sava and Markus 2008) .
One aspect of aging is a degradation of cholinergic function (Bartus et al. 1982) , with activation of the cholinergic system restoring behavior (Markowska et al. 1995) and single-unit activity (Sava and Markus 2008). Thus the effects of aging and cholinergic activation were also examined. Fig. 4 . Changes in running speed and power as animals encountered a familiar maze again or a novel trajectory. A: adult rats showed a greater decrease in running speed on encountering a novel trajectory. B: changes in theta power; both adult and old rats showed increased theta power on the novel trajectory, although the extent of the increase was greater in adult rats. C and D: there was a trend for adult, but not old, rats to show increased low gamma (C) and high gamma (D) power on the novel trajectory. *P Ͻ 0.05; -0.05 Ͻ P Ͻ 0.1.
Theta Power
Theta power was similar in the adult and old rats when running an overtrained/familiar trajectory. Others have found, under familiar conditions, differences in theta power between young (4 mo) and adult (9 mo) animals (Huxter et al. 2012 ) and between young (2 mo) and middle-aged (15 mo) animals (Kuo et al. 2010) . Given that our adult animals were 12 mo old, it is possible that this age effect plateaus later in the life span. Alternatively, differences in the precise electrode placements could result in large between-animal variability masking a difference between age groups in this study. We therefore used within-animal analyses to compare changes in power across different situations. Our findings that older rats show less of an increase in theta power from sitting to running a familiar maze are in agreement with the results of Kuo et al. (2010) from placing the animals on a familiar treadmill.
Running speed can alter theta and gamma power (Chen et al. 2011; Hinman et al. 2011 ); therefore we examined the correlation between power and running speed to address this potential influence. Both age groups showed a similar positive correlation between theta power and running speed in the familiar maze, but these correlations were low, and more of the variation in power was explained by the number of trials run on the maze.
When the second epoch involved running a novel trajectory, both groups slowed. Despite this reduction in running speed, theta power increased for both adult and old rats, thus uncoupling any relationship between speed and theta power. Furthermore, the younger animals had a greater reduction in speed but showed a greater increase in theta power than old rats.
Theta power increases in young rats during exploration of a novel environment (Kocsis et al. 2007 the data here support the prediction that one would expect: a reduced theta response to novelty in the aged. Similar to the present findings of increased theta in response to novelty despite the reduction in running speed, others have shown that cognitive factors can account for a similar or greater amount of variance in theta power than running speed (Hinman et al. 2011; Montgomery et al. 2009; Schmidt et al. 2013; Wyble et al. 2004 ). Previously, little was known regarding age-related changes in theta in response to novelty. Taken together, the present data indicate a weaker theta response to exploration/novelty in the older animals.
Physostigmine treatment had different effects in old and adult rats; at rest in the home cage physostigmine selectively increased theta power in the lower frequency range in old rats * * A: in the low theta range, there was no difference for young rats between saline and physostigmine. Old rats had increased low theta power after physostigmine. B: in the high theta range there was a decrease in power from physostigmine in young rats. C and D: low gamma (C) and high gamma (D) power did not differ between physostigmine and saline treatment in either young or old rats. *P Ͻ 0.01. while it decreased theta power in the higher frequency range in adult rats. Overall, old rats had a lower theta frequency than adult rats; this age-related shift in theta frequency has been reported previously (Abe and Toyosawa 1999; Markowska et al. 1995) . The present data support findings of two distinct types of theta and that lower-frequency theta was sensitive to cholinergic modulation (Bland 1986; Lawson and Bland 1993) . It is likely that because of the degraded cholinergic system of old rats (Bartus et al. 1982; Sugaya et al. 1998 ) treatment with physostigmine only increased low theta power in the old rats. Similarly, previous reports demonstrate that administration of physostigmine in young rats elicits only low theta activity in both anesthetized (5-6 Hz; Olpe et al. 1987 ) and freely moving Importantly, in addition to the fact that physostigmine shifted the frequency of theta, it also increased the magnitude of theta power response to novelty, to levels similar to those found in younger animals (under saline). This is similar to previous reports of cholinergic activation (with carbachol) causing hippocampal place fields in aged animals to encode a trajectory change like their younger counterparts (Sava and Markus 2008) . No such effects were found during a familiar trajectory. Taken together, the data indicate that the cholinergic system plays an important role in encoding new information, and this is affected by aging.
Gamma Power
"Theta behaviors," such as movement or sniffing, are also linked to increased gamma power (Bragin et al. 1995; Csicsvari et al. 2003) . Gamma oscillations align periods of inhibition and may allow precise coordination of neuronal input from behaviorally relevant stimuli, providing temporal precision of pyramidal cell firing (Chrobak and Buzsaki 1998a; Jutras and Buffalo 2010; Womelsdorf et al. 2007) . Low gamma has been linked to CA3 and possibly pattern retrieval, while high gamma has been linked to the MEC and encoding (Bragin et al. 1995; Colgin et al. 2009; Montgomery and Buzsaki 2007) . Little is known regarding the effects of novelty on gamma; however, in humans gamma was related to successful encoding (Sederberg et al. 2007a (Sederberg et al. , 2007b . To our knowledge, there are no data regarding gamma and aging.
In the present study there were no differences in basal levels of gamma power between adult and old rats. However, younger rats showed a greater increase, especially in high gamma power, as they transitioned from sitting to running on the maze. Notably, there was little effect of the novel trajectory on either low or high gamma. Presumably the present manipulation was not sufficient to engage a strong gamma response (Penley et al., unpublished observation) . Similarly, gamma power was not a good predictor of successful performance in a match-to-place task requiring rats to remember a new goal location within the same testing environment across days (Shirvalkar et al. 2010) .
Unlike its effects on theta, physostigmine did not change low or high gamma power while animals were sitting in their home cage. Similarly, there were no systematic effects of the drug when the animals ran the second epoch. These data suggest that activation of the cholinergic system has little impact on hippocampal gamma oscillations.
Theta-Gamma Coupling
The interplay between theta and gamma oscillations may integrate brain activity at both a local and a distributed level (Canolty and Knight 2010; Chrobak and Buzsaki 1998a; Tort et al. 2010) . Theta phase modulates gamma, with a correlation found between theta phase and gamma power ). This modulation may support different cognitive processes (Tort et al. 2009 ) and a neural code (Lisman and Idiart 1995) . Currently, the literature regarding phase modulation is focused on young adult animals (Tort et al. 2009 ) or humans under different task conditions (Canolty and Knight 2010; Holz et al. 2010; Schack et al. 2002) , with no data on how modulation changes with age.
The present experiment found an age-related decrease in the degree of theta-gamma coupling. This was true for both . Effect of physostigmine on encountering a familiar maze again or a novel trajectory. A: change in speed; physostigmine decreased running speed in adult rats more than old rats, although both age groups still slowed down more on the novel trajectory. B: change in theta power; physostigmine increased theta power only in old rats. C and D: there was no effect of either age or environment on low (C) or high (D) gamma power. *P Ͻ 0.05. low and high gamma and tended to be unaffected by the novel trajectory. Furthermore, unlike the effects of physostigmine on the theta power response to novelty, there was no effect of physostigmine on theta-gamma coupling. These data suggest that coupling does not simply reflect changes in theta power and may reflect the underlying circuitry of the hippocampus.
General Conclusions
The interplay between theta and gamma oscillations is thought to play a role in hippocampal information processing. In fact, we found an age-related reduction in theta modulation of gamma. This could be the result of changes in CA1 interneuron circuitry (Stanley et al. 2012 ). However, why manipulations of task demands and/or cholinergic activation had no impact on theta-gamma modulation is puzzling. Clearly, further in vivo and in vitro investigation of this issue is needed.
Power in the low and high gamma ranges were also less affected by novelty, age, or physostigmine. There are situations that show a greater role for gamma (Montgomery and Buzsaki 2007; Sederberg et al. 2007a Sederberg et al. , 2007b . In the present situation, presumably changing trajectory while keeping the room and task constant was not sufficient to engage a strong gamma response (Shirvalkar et al. 2010; Penley et al., unpublished observation) . It is possible that gamma activity is related to the degree to which the task involves competition between previous and new information. In tasks where encoding and retrieval are contrasted, age-related differences in the low and high gamma response may be found. There was, however, an increased theta response to novelty in the younger animals compared with older animals. This age-related decline was reversed with physostigmine. The aging and physostigmine effects were predominantly found under conditions of novelty rather than under familiar conditions. These data support a role for theta and the cholinergic system in encoding new information. The findings underscore that hippocampal aging is related to impaired encoding of new information.
